The Nosology of the Spinal Muscular Atrophies ALAN E. H. EMERY From the University Department of Human Genetics, Western General Hospital, Edinburgh In the last few years there has been an increase in interest among neurologists and geneticists in the spinal muscular atrophies. With the advent of several relatively sophisticated diagnostic procedures many patients once thought to be suffering from muscular dystrophy have in fact been found to have spinal muscular atrophy.
The spinal muscular atrophies may be defined as a group of inherited diseases in which there is degeneration of the anterior horn cells (lower motor neurones) of the spinal cord and often the bulbar motor nuclei, but with no evidence of pyramidal tract involvement. When so defined, motor neurone disease (progressive bulbar palsy, progressive muscular atrophy, and amyotrophic lateral sclerosis) and its variants and the various forms of amyotrophy are excluded as are congenital abnormalities of the spinal cord, and traumatic, toxic, infective, and neoplastic causes of anterior horn cell degeneration.
Early literature on the spinal muscular atrophies has been extensively reviewed by Wiesendanger (1962) ; Smith and Patel (1965) ; HausmanowaPetrusewicz (1970) ; and Namba, Aberfeld, and Grob (1970) . The frequency of all forms of spinal muscular atrophy is at least 1 in 20,000 (Brandt, 1950a) and possibly very much more. The 'wobbler' mutant of mouse is a possible analogue (Duchen, Strich, and Falconer, 1968) .
The main clinical features of spinal muscular atrophy are wasting and weakness of muscles supplied by the affected anterior horn cells. Necropsy confirmation of degeneration and loss of anterior horn cells has been reported both in severe (Brandt, 1950a) and more benign (Kohn, 1968; Namba et al, 1970) forms of spinal muscular atrophy.
It is essential to recognize the heterogeneity among the spinal muscular atrophies when giving a prognosis and for genetic counselling. Unfortunately early attempts to classify them were largely unsatisfactory for two reasons. Firstly, because such classifications were often based on clinical features
Received 13 April 1971. alone, insufficient importance being given to genetic differences. Secondly, because of confusion with primary muscle diseases. Only in recent years, with the aid of more refined diagnostic procedures, has it been possible to make a clear distinction between these two groups of disorders. For these reasons in the following discussion evidence will be largely drawn from more recent publications.
Some investigators have been attracted by the idea of a spectrum of clinical variation in spinal muscular atrophy ranging from the severe infantile to the benign adult forms. Some have even included certain neuropathies in this 'spectrum'. This concept however is unhelpful and if anything hinders the investigation of genetic heterogeneity.
Aetiology
The majority of cases of spinal muscular atrophy are clearly inherited. However, there have been frequent reports of the onset of symptoms following an infection (viral or bacterial) or an inoculation or vaccination (Brandt, 1950a; Wohlfart, Fex, and Eliasson, 1955; Dubowitz, 1964; Gardner-Medwin, Hudgson, and Walton, 1967; Meadows, Marsden, and Harriman, 1969a) . Since in several of these reports there were other similarly affected relatives, it seems likely that clinical manifestations were precipitated rather than caused by the particular episode in question, but whether this or the subsequent bed rest was the precipitating factor is not clear. Certainly, following bed rest, symptoms may be made much worse (eg, case 10 in GardnerMedwin et al, 1967) .
Case Report. We have studied a patient with scapuloperoneal muscular atrophy in whom muscle weakness was first noticed at age 35 after 10 days bed rest with a swollen and painful leg following a smallpox vaccination. This man has an affected cousin in whom muscle weakness developed insidiously, the onset of which was not clearly associated with any particular exogenous factor. (Hogenhuis, Spaulding, and Engel, 1967 Walton, 1969) . Fasciculations are rarely seen in primary muscle disease. In spinal muscular atrophy they are indicative of anterior horn-cell degeneration and may be seen in the limb musculature and/or the tongue.
Electromyography. Electromyographic (EMG) evidence of anterior horn cell degeneration, with loss of corresponding motor units, includes spontaneous, regular motor unit activity (fibrillation or fasciculation potentials), and 'giant' action potentials (high amplitude and long duration) with reduced interference pattern on voluntary contraction of the muscle (Lambert, 1963; Amick, Smith, and Johnson, 1966; Gardner-Medwin et al, 1967; Hausmanowa-Petrusewicz et al, 1968; Meadows et al, 1969a and b) . These large action potentials may be partly due to hypertrophy of remaining muscle fibres. It is more likely, however, that the main factor is either the synchronous firing of surviving motor units with summation of motor unit potentials (Buchthal and Olsen, 1970) , or the synchronous firing of the normal motor unit plus the muscle fibres which, due to collateral re-innervation, come to share the same motor nerve (see Brown and Johns, 1970) . In general the EMG findings in the various spinal muscular atrophies are very similar, though it has been reported that there are differences between the infantile and juvenile forms (Buchthal and Olsen, 1970) . The EMG has occasionally been found to be normal or even myopathic (Walton, 1970) . Motor nerve conduction velocity is normal.
Muscle Histology with conventional stains reveals atrophy of groups of fibres (group atrophy) supplied by the affected anterior horn cells (Pearce and Harriman, 1966; Gardner-Medwin et al, 1967; Hausmanowa-Petrusewicz et al, 1968; Meadows et al, 1969a and b; Munsat et al, 1969; Buchthal and Olsen, 1970; Engel, 1970) . Group atrophy is pathognomic of spinal muscular atrophy (Fig. 1) . The atrophy may be so profound as to present the appearance of 'nuclear clumps'. The adjacent fibres may appear more-or-less normal or have undergone changes similar to those seen in myopathy (Fig. 2) ; there may be variations in fibre size-some fibres being hypertrophic, rounding of fibres, central nuclei and even occasionally fibre necrosis with phagocytosis (Mumenthaler, 1970) . In long-standing cases the muscle tissue may be largely replaced by fat and connective tissue. In the very early stages of the disease, however, the only abnormality may be 'scattered atrophy' (Fig.  1 ): scattered small angular fibres wedged between normal looking fibres (Engel, 1970) . Thus, the histological appearances in the early stages of the disease may be easily misdiagnosed as normal or as myopathic in the later stages of the disease.
The apparent myopathic changes in neurogenic atrophy may be due to reinnervation by neighbouring healthy motor neurones (Meadows et al, 1969a) . Drachman et al (1967) found that in muscle biopsies from patients who had suffered from poliomyelitis 10 to 54 years previously, features classically found in myopathy were present. They suggested that work hypertrophy and partial re-innervation of atrophic fibres could be responsible for variation in fibre size, and that later degenerative changes might be due to defective re-innervation. Phagocytosis (Engel, 1970) . In long-standing neurogenic atrophy 'target fibres' (concentric zones of enzyme activity extending the length of the fibre) are found in the muscle (Engel, 1961) . These resemble the so-called 'cores' seen in rabbit muscle during the phase of reinnervation following denervation (Dubowitz, 1967) and are similar to those seen in central core disease (Dubowitz and Roy, 1970) .
Muscle Innervation. Perhaps one of the most useful techniques for diagnosing neurogenic atrophy is the intravital or supravital staining of motor nerve filaments and end-plates with methylene blue (Coers and Woolf, 1959) . In neurogenic atrophy (Fig. 4) there is branching of subterminal intramuscular nerve fibres (rarely seen in normal muscle) with collateral reinnervation, and degeneration of end-plates Pearce and Harriman, 1966; Hausmanowa-Petrusewicz et al, 1968) . Branching of nerve fibres seems to be more profuse in the more benign juvenile form of spinal muscular atrophy than in the infantile form (Hausmanowa-Petrusewicz et al, 1968 (Meadows et al, 1969a , and is commonly only slightly raised but occasionally may be up to 20 times the normal value.
Since the serum level of creatine kinase may also be elevated in various myopathies (Dreyfus and Schapira, 1962) (Schott, Jacobi, and Wald, 1955; Manning and Cropp, 1958; Skyring and McKusick, 1961; Gilroy et al, 1963) and characteristically there are tall R waves in the right praecordial lead (Perloff et al, 1967; Emery, 1969; Emery and Spikesman, 1970) . Though in other forms of dystrophy there are no specific abnormalities, the ECG is frequently abnormal (Lowenstein, Arbeit, and Rubin, 1962; Perloff, de Leon, and O'Doherty, 1966) . In spinal muscular atrophy, however, apart from a fine tremor often most marked in the limb leads, the ECG is usually normal (Emery, 1972) .
Some investigators have reported increased amounts of amino acids in urine and serum in some patients with spinal muscular atrophy (Almog and Tal, 1968; Gorecka, 1969) . However this and the increased levels of creatine in urine and serum (Namba et al, 1970) , probably merely reflect muscle wasting since they are most marked in patients with the severe infantile (Werdnig-Hoffmann) form and are also found in the severer forms of muscular dystrophy. Reported changes in the electrophoretic patterns of serum proteins in spinal muscular atrophy (Ionasescu et al, 1965; Askanas, 1967) are difficult to evaluate. Comparable abnormalities have also been described in muscular dystrophy by Askanas (1967) (1970) . No specific biochemical abnormality has yet been identified in any of this group of disorders and there is no detectable chromosome abnormality (Bonasegla and Montevecchi, 1970) .
'Amyotonia Congenita' Amyotonia congenita (myatonia congenita, Oppenheim's disease) is not a specific disease entity but refers to the syndrome of generalized muscular hypotonia, feebleness of voluntary movements, and depressed or absent tendon reflexes which is present at birth or is manifest during early infancy. Batten (1910) was the first to recognize that the syndrome could be myopathic in origin or result from a lesion in the anterior horn cell of the spinal cord (infantile spinal muscular atrophy). More recent studies have made it clear that the syndrome may in fact result from many causes (Brandt, 1950a and b; Walton, 1956 and 1957) . In a follow-up study of 109 cases initially diagnosed as 'amyotonia congenita' 67 (61 %) were found to have infantile spinal muscular atrophy, 22 (20%) had a myopathy, and the remainder had a variety of disorders including cerebral palsy, mental defect, and scurvy, etc (Walton, 1956) . The congenital myopathies are themselves a heterogeneous group of disorders (Emery and Walton, 1967 (Becker, 1966; McKusick, 1968; (Hanhart, 1945; Brandt, 1950a and b; Thieffry, Arthuis, and Bargeton, 1955; Fukuyama, 1958; Byers and Banker, 1961; Gamstorp, 1967 Brandt, 1950a; Marquardt, MacLowry, and Perry, 1962; Zellweger et al, 1969b) and in Brandt's study (Brandt, 1950a) relatives (eg, Brandt, 1950a [families 1 and 16]) or to quasi-dominance due to inbreeding (eg, Brandt, 1950a [family 6]).
An association of arthrogryposis multiplex congenita and infantile spinal muscular atrophy in sibs has been reported (Frischknecht, Bianchi, and Pilleri, 1960; Bargeton et al, 1961) (1970) . Some investigators have reported that males are more severely affected than their female sibs (Dubowitz, 1964; Furukawa et al, 1968 ) but others have not been convinced of this (Kugelberg and Welander, 1956; Gardner-Medwin et al, 1967 (Fried and Emery, 1971) . The frequency of spontaneous activity on electromyography (Buchthal and Olsen, 1970) and the degree of collateral reinnervation (Hausmanowa- Kugelberg and Welander (1956) there have been many reports of families with multiple affected sibs suggesting autosomal recessive inheritance (Byers and Banker, 1961; Levy and Wittig, 1962; Castaigne et al, 1963; Dubowitz, 1964; Garvie and Woolf, 1966a; Radu et al, 1966; Gamstorp, 1967; Gardner-Medwin et al, 1967; Rowland et al, 1967; Peters et al, 1968; Meadows et al, 1969a; Hausmanowa-Petrusewicz, 1970) . Consanguinity among the parents of affected individuals has also been noted (Hanhart, 1962; Spira, 1963; Radu et al, 1966; Almog and Tal, 1968) . It has been reported that some healthy heterozygotes appear to have hyperaminoaciduria (Almog and Tal, 1968) or may be detected by electromyography (Spira, 1967) . These findings await confirmation.
A possible variant of the juvenile type has been described in an inbred community in the Ryukyuan islands off Japan (Kondo, Tsubaki, and Sakamoto, 1970) . This is characterized by the onset in infancy or early childhood of slowly progressive proximal muscle weakness most marked in the lower extremities and with pes cavus and scoliosis in some affected individuals. Muscle fasciculations were observed in several individuals, the serum level of creatine kinase was moderately elevated and there was no spontaneous activity in the electromyograph. The authors regarded this as a unique disorder and different from the usual form of juvenile spinal muscular atrophy. Spiro, Fogelson, and Goldberg (1967) (Magee and de Jong, 1960; Armstrong, Fogelson, and Silberberg, 1966; Garvie and Woolf, 1966a; and Gamstorp, 1967) . In some families where the disorder was clearly inherited as an autosomal dominant trait, penetrance was incomplete (Wohlfart et al, 1955 [family 2]; Kugelberg and Welander, 1956 [family 2]; Becker, 1964; Amick et al, 1966; Radu et al, 1966; Tsukagoshi et al, 1966) .
The onset of the autosomal dominant form of juvenile spinal muscular atrophy is usually in early childhood but may be delayed until adolescence or even later (Kugelberg and Welander, 1956 [case 3]; Becker, 1964; Tsukagoshi et al, 1966 [case III-2] ). Affected individuals develop proximal muscle weakness which is relatively slowly progressive and several patients have been reported in middle age yet still ambulatory. The condition seems to be milder than the autosomal recessive form which, from reported familial cases of juvenile spinal muscular atrophy appears to be at least 10 times commoner than the autosomal dominant form.
Case Report. We have studied a mother and daughter (HG 243) with this form of spinal muscular atrophy. The mother was bom 4 June 1942 with talipes equinovarus which responded to conservative therapy. She has been aware of weakness in her legs from childhood which does not seem to have progressed over the years. She cannot get up from a crouching position and has difficulty climbing stairs. On examination there was weakness of her pelvic girdle musculature, her cranial nerves were intact and no fasciculations were observed.
The serum level of creatine kinase was 48-0 Htmoles/ min/l (normal less than 50). (Gamstorp, 1967; Verger et al, 1969; Hausmanowa-Petrusewicz, 1970) . In fact some of the earliest well documented cases of spinal muscular atrophy could be considered as belonging to this type (Thomson and Bruce, 1893; Hoffnann, 1900a (Fried and Emery, 1971) . However, to account for the possibility of mild and severe forms of juvenile spinal muscular atrophy, Becker (1964) has suggested that besides the normal gene (a), being present in about 90% of the population, there are 3 mutant alleles (a+, a', and a') such that a+a produces a normal phenotype, a+a' produces a milder disease with later onset, and a+a" produces a severer disease with earlier onset ('intermediate' type). Such a hypothesis might also explain some of the cases of apparent nonpenetrance where the only other affected individual in a family is a second-or third-degree relative of the proband (Zellweger, Schneider, and Schuldt, 1969a (Pratt, 1967; Kloepfer and Emery, 1969) .
The main clinical feature of adult spinal muscular atrophy is slowly progressive proximal limb weakness, and is therefore easily confused with limb girdle muscular dystrophy or chronic polymyositis but the distinction can be made on electromyographic examination or muscle histology. The bulbar nuclei may also become involved and the serum creatine kinase level may be moderately elevated. The prognosis is usually good.
Cases have been described which were sporadic (Hurwitz, Lapresle, and Garcin, 1961; Smith and Patel, 1965; Gross, 1966; Cazzato, 1969) or inherited as autosomal recessive traits (Funk, 1962; Tsukagoshi et al, 1965 [cases 1, 2, and 3 and possibly 5]; Mapelli and Ramelli, 1970) , autosomal dominant traits (Tsukagoshi et al, 1965 [case 4], Peters et al, 1968 [family 13] and possibly the large family described by Finkel [1962] ), or as X-linked recessive traits (Kennedy, Alter, and Foreman, 1966; Kennedy, Alter, and Sung, 1968; Shoji et al, 1970 ). An X-linked form of adult spinal muscular atrophy with a slightly earlier age of onset has also been described . The 3 affected brothers reported by Magee (1960) might also belong to this category though the muscle weakness appeared to be slightly more marked distally. The association of adult spinal muscular atrophy with type II hyperlipoproteinaemia reported by Quarfordt et al (1970) was probably coincidental.
At present there appears to be no clinical means of distinguishing between patients affected with the autosomal dominant, autosomal recessive, or Xlinked recessive forms of adult spinal muscular atrophy.
Distal Spinal Muscular Atrophy Without Sensory Loss. A number of cases have been described of a relatively benign form of spinal muscular atrophy with onset usually in early childhood in which muscle weakness is predominantly distal and there is no sensory loss. Affected individuals often survive at least to middle age. Charcot-Marie-Tooth disease is somewhat similar to this disorder, but as Meadows et al (1969b) have pointed out, in the former condition the legs are typically more severely affected than the arms, peripheral sensory abnormalities can usually be detected if carefully sought for and motor nerve conduction velocities are usually reduced, features not found in distal spinal muscular atrophy. The group of patients described by Dyck and Lambert (1968b) (MartinSneessens, 1962; Meadows and Marsden, 1969) , suggesting autosomal recessive inheritance. However Lugaresi, Gambetti, and Rossi (1966) have described a father and son with what could be considered distal spinal muscular atrophy. A family with an autosomal dominant form of distal spinal muscular atrophy with onset in early adult life has been described by Nelson and Amick (1966) .
With Sensory Loss. This group of disorders is often referred to as peroneal muscular atrophy or Charcot-Marie-Tooth disease. Weakness usually starts in the feet and legs and later affects the hands. Not only are the anterior horn cells of the spinal cord involved but also the peripheral nerves with some posterior column degeneration resulting in sensory loss over the areas of muscle weakness and there is slowing of nerve conduction, features not found in true spinal muscular atrophy. This group of disorders is included for the sake of completeness. Their clinical features have been discussed in detail by Becker (1966) , Pratt (1967) , and Dyck and Lambert (1968a and b) . The mode of inheritance may be as an autosomal recessive or autosomal dominant trait (Dyck and Lambert, 1968a and b) , as an Xlinked recessive trait (see Pratt, 1967) , or rarely as an X-linked dominant trait (Woratz, 1964) . In general the recessive disorder is more severe than the dominant and the X-linked forms are intermediate (Allen, 1939) .
Juvenile Progressive Bulbar Palsy (Fazio-Londe Disease) Sometimes referred to as Fazio-Londe disease, this disorder is characterized by progressive cranial nerve paralyses (ophthalmoplegia, facial paralysis, laryngeal palsy, etc) dating from early childhood. The disorder has been reviewed by Gomez, Clermont, and Bernstein (1962) . The mode of inheritance has usually been consistent with that of an autosomal recessive trait though the mother of the patient originally described by Fazio was also affected.
Chronic progressive bulbar palsy with onset in childhood or adolescence and associated with bilateral perceptive deafness (Van Laere's syndrome) may be sporadic (Trillet et al, 1970) but can apparently be inherited as an autosomal recessive trait (Van Laere, 1966) .
In juvenile spinal muscular atrophy there is usually only minimal clinical involvement of the cranial nerves but progressive ophthalmoplegia and dysphagia were the main features in a 15-year-old boy with this disorder described by Aberfeld and Namba (1969) . However, involvement of the cranial nerves was a late manifestation in the course of the disease whereas in juvenile progressive bulbar palsy it is the main feature from the onset.
Scapuloperoneal Spinal Muscular Atrophy The remaining two types of spinal muscular atrophy, namely scapuloperoneal and facioscapulohumeral, are classified separately because of the distinctive patterns of muscle weakness in these two disorders both of which have counterparts among the muscular dystrophies.
In scaculoperoneal spinal muscular atrophy weakness is mainly localized to the pectoral girdle musculature and the peroneal muscles and is very slowly progressive (Fig. 6 ). There may or may not be any facial weakness, and there is no sensory loss. The onset is usually in the second or third decade but at least in some of the sporadic cases which have been described onset has been in childhood (Emery, Fenichel, and Eng, 1968; Munsat, 1968; Zellweger and McCormick, 1968; Schuchmann, 1970) .
When inherited it usually behaves as an autosomal dominant trait (Kaeser, 1965; Ricker et al, 1968 [case 1]; Tsukagoshi et al, 1969 face and pectoral girdle musculature. The onset is in early adult life and is thereafter slowly progressive. Sporadic cases have been described (Furukawa et al, 1969) but the disorder can be inherited as an autosomal dominant trait (Fenichel, Emery, and Hunt, 1967) . Clinically it resembles facioscapulohumeral muscular dystrophy from which it can be differentiated by electromyography and muscle histology. 
